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Abstract
Hafnium oxide, or hafnia, is a high temperature refractory material with good electrical,
chemical, optical, and thermodynamic properties. The effects of dopants have been widely
studied, especially after the discovery of ferroelectricity induced in hafnia thin films. While
attractive and used in the opto-electronic, memory devices, and semiconductor industries, there
is a lack in the literature on enhancing the mechanical properties of hafnium oxide, specifically
through doping it with tungsten, another material of interest particularly for future high
temperature device applications. Thus, this work aimed to grow hafnia thin films doped with
varying amounts of tungsten. The samples were grown via radio frequency-controlled sputtering,
with the hafnia sputtering gun kept at 100 Watts and the tungsten sputtering gun varying from 0100 Watts to obtain varying tungsten concentrations. The films were then evaluated using
grazing incident x-ray diffraction (XRD), scanning electron microscope imaging,
nanoindentation, and contact angle measurements. The XRD results showed that the undoped
sample exhibited the (-111) peak corresponding to monoclinic hafnia, as expected, and that the
peaks at tungsten deposition powers of 50 Watts and above were amorphous. The SEM images
showed this as well as a corresponding decrease in grain size until they became amorphous.
Nanoindentation yielded a constant increase in hardness from 0 through 100 Watts, while
reduced elastic modulus peaked at 40 Watts, decreased, and then tapered off at 80-100 Watts.
Finally, contact angle measurements showed that the samples became increasingly hydrophilic as
tungsten content increased as well.
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Chapter 1: Introduction

Hafnium oxide, or hafnia, is a high temperature refractory material with good electrical,
chemical, optical, and thermodynamic properties. The effects of dopants have been widely
studied, especially after the discovery of ferroelectricity induced in hafnia thin films. While
attractive and used in the opto-electronic, memory devices, and semiconductor industries, there
is a lack in the literature on enhancing the mechanical properties of hafnium oxide, specifically
through doping it with tungsten, another material of interest particularly for future high
temperature device applications. Thus, this work aimed to grow hafnia thin films doped with
varying amounts of tungsten. The samples were grown via radio frequency-controlled sputtering,
with the hafnia sputtering gun kept at 100 Watts and the tungsten sputtering gun varying from 0100 Watts to obtain varying tungsten concentrations. The films were then evaluated using
grazing incident x-ray diffraction (XRD), scanning electron microscope imaging,
nanoindentation, and contact angle measurements. The XRD results showed that the undoped
sample exhibited the (-111) peak corresponding to monoclinic hafnia, as expected, and that the
peaks at tungsten deposition powers of 50 Watts and above were amorphous. The SEM images
showed this as well as a corresponding decrease in grain size until they became amorphous.
Nanoindentation yielded a constant increase in hardness from 0 through 100 Watts, while
reduced elastic modulus peaked at 40 Watts, decreased, and then tapered off at 80-100 Watts.
Finally, contact angle measurements showed that the samples became increasingly hydrophilic as
tungsten content increased as well.
Hafnium oxide (HfO2 or hafnia) is a high temperature refractory material, which exhibits a
high dielectric constant (k~25), wide band gap (Eg ~ 5.7 eV), and excellent chemical and
1

thermal stability [1-13]. It has been studied as a replacement for SiO2 in the semiconductor
industry as it bypasses limitations due to quantum tunneling [2]. However, refractory metal
incorporated dielectrics are also expected to meet the functional requirements of hightemperature device applications [14].
Tungsten exhibits a high melting point, good thermal conductivity, low thermal expansion,
and high strength at high temperatures. It has been identified as the leading candidate material
for Plasma Facing Components (PFCs) in future fusion reactor designs because of its excellent
mechanical properties, thermal stability, and radiation tolerance [15-19]. While dopant effects of
various metals into hafnium oxide has been studied widely, efforts directed to understand the
effect of tungsten doping into hafnium oxide are meager. Therefore, in this work, an attempt is
made to study the doping of tungsten into hafnium oxide thin films in an effort to tune and
enhance the structural and mechanical properties. This chapter is intended to provide a
background to the materials under consideration and also the characteristics that have identified
them as materials for future energy applications.
1.1 HAFNIUM OXIDE PHASES

Hafnium oxide exhibits polymorphism; it is quite interesting from fundamental science as
well as applied materials perspective. HfO2 crystallizes in monoclinic structure under the ambient
temperature and pressure. Two phase transformations occur as a function of temperature.
At 1700 °C, HfO2 transform to the tetragonal phase (space group P42nmc). Continuous increase
in temperature to 2600 °C transforms to the cubic phase (space group Fm3m). Similarly, two
known phase transformations occur at higher pressures, going from monoclinic, to orthorhombic
I, finally to orthorhombic II [20-21]. The cubic and tetragonal phases have shown to exhibit
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greater dielectric constants than that of monoclinic hafnia with values of 29 and 75, respectively
[22]. However, the structure can also be altered via doping or through varying processing
techniques. For example, Aarik et al have reported that the surface layer of hafnia thin films
grown via atomic layer deposition at 880-940 °C were of the cubic phase [23]. The phases of
hafnia are significant in that certain phases will meet requirements for different areas such as
high temperature devices or future memory storage applications. Stabilizing the cubic phase, for
example, is significant for optical properties and thermodynamic stability, whereas orthorhombic
phases are more significant from a memory application perspective. These phases will be
discussed further in this section as well as in chapter 2.
1.2 HAFNIUM OXIDE PROPERTIES

Hafnium oxide is currently being utilized quite extensively in the semiconductor industry.
It has been singled out as a key replacement material for SiO2 as the dielectric gate oxide in
electronics because of its ideal electrical properties, in addition to its thermodynamic stability
with silicon. The SiO2 dielectric replacements needs a high dielectric constant, k, while
simultaneously exhibiting an adequate band gap. Because a high-k oxide’s band gap varies
inversely with its dielectric constant, a choice is made based on the balance of the two. Other
oxides have greater k values than hafnia, however it is hafnia’s high k value (k~25) coupled with
its band gap (Eg~5.7 eV) that makes it a strong candidate to replace SiO2. Some important
material properties of hafnia are summarized in Table 1.
Table 1: Properties of Hafnia [24]
Hafnia Property

Value
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Density

9.68 g/cm3

Melting Point

2812 °C

Thermal Conductivity 1.67 W/m°C
Thermal Expansion

6.5 E-6 °C-1

Hardness (Vickers)

14.71 GPa

Flexural Strength

110 MPa

Compressive Strength

1380 MPa

1.3 A NOTE ON ADVANCING MATERIALS FOR ENERGY NEEDS

With a growing population combined with the looming threats of global warming, further
advancement is needed to efficiently continue meeting our energy needs. There are many
promising developments in the energy field; advancements in the study of fusion and fission
reactors and energy harvesting, for example. However, with the successful implementation of
future energy technologies comes the need for suitable material selection to meet the conditions
of these devices (i.e., high thermal stress and temperatures, high mechanical stress, etc.).

1.4 ENERGY HARVESTING

Since the reported discovery of ferroelectricity in hafnium oxide in 2011 by Boske et al,
the material has been studied and shown promise for use in memory applications and energy
harvesting [25-32]. Ferroelectricity refers to a phenomenon in which certain materials, named
ferroelectrics, can have their polarization “switched”. It is not well understood, and as such,
4

materials must be characterized as ferroelectrics experimentally. However, it has become known
that a large portion of ferroelectric materials are oxides. Ferroelectric materials play significant
role in the memory device industry. They are currently being utilized in commercially available
products such as flash memory in solid state drives (SSDs), which are quickly phasing out hard
disk drives as they run silently and faster and are less fragile since they do not rely on
electromechanical components. The discovery of ferroelectricity in hafnium oxide is especially
exciting because of the compatibility between hafnia and silicon, which is a critical issue with
other ferroelectrics [13, 30]. While hafnia presents in the monoclinic phase at ambient
temperature and pressure, the field induced ferroelectricity stems from a transition to the
orthorhombic phase [25]. The ferroelectric properties in hafnia have been since studied and can
be affected by various dopants [25, 29, 33] and even film thickness [34]. The various effects of
dopants in hafnia-based systems is discussed further in Chapter 2.
The phase transition from inducing ferroelectricity in hafnia has an added pyroelectric
effect which can be utilized toward harvesting energy, in electronic devices for example. The
pyroelectric effect is exhibited when a polarizable material is exposed to a temperature gradient
and a resulting voltage occurs. The relationship between the temperature change, dT/dt, and the
generated current, Ip, is given in equation 1,
𝑑𝑇

𝐼𝑝 = 𝑝𝐴 𝑑𝑇

(Eq 1)

where p is the pyroelectric coefficient and A is the surface area of the material. The heat given
off in electronic devices, rather than being wasted, can be utilized then in pyroelectric materials
to generate a voltage to further power the device. While thermoelectrics have been studied and
implemented for use as energy harvesting and storage, successful implementation of
pyroelectrics in devices would be more thermodynamically efficient when compared to their
5

thermoelectric counterparts [32]. Additionally, silicon doped hafnia is attractive for energy
harvesting devices because it is a lead free, binary oxide [26-27]. In Hoffmann et al, a study was
conducted to investigate the pyroelectricity of the ferroelectricity induced phase transitions of
silicon-doped hafnia. Obtained from hysteresis measurements, pyroelectric coefficients in the
study were up to −1300 µC/(m2 K), showing great promise for future pyroelectric based energy
harvesting devices [27].
1.5 ENERGY GENERATION VIA FISSION

Hafnium has been utilized in controlled rods in pressurized water reactors (PWRs) and
boiling water reactors (BWRs) for decades. Hafnium has a high neutron absorption cross section
(102 barns) as well as good anti-corrosion properties [35]. Attempts to utilize hafnium in
cladding had been stinted due to hybridization of hafnium causing isotropic volume swelling,
with an additionally caveat being a required increase in the mechanical properties of hafnium to
meet cladding material requirements [35]. Hafnium oxide also has a high neutron absorption
cross section (85% of the reported value for hafnium). This coupled with its useful optical
properties can make it appropriate for use in refractory applications within a nuclear reactor.
Fission reactors require a complex mix of materials and material properties. In Figure 1 is
shown a diagram of a pressurized water reactor (PWR) and the various materials commonly
utilized for each component [36]. This variety of materials is necessary because different areas of
the nuclear reactor represent different environments and challenges. For example, the control
rods are used to control, i.e. speed up or slow down, the reaction rate and thus require good
neutron absorption cross sections. Other areas might require excellent oxidation and corrosion
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resistance, whereas components surrounding the reactor core require high thermal and
mechanical stability as they are exposed to high temperatures.

Figure 1: A Detailed Breakdown of the Various Components of a PWR and the Commonly Used
Materials for Each Component [36]

1.6 ENERGY GENERATION VIA FUSION

Fusion energy generation, while still not actualized, has been a realm of intense study
because of the potential ramifications it would have for future energy generation. There are still
many issues needed to be solved before a fusion reactor can be implanted, many of said issues
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stemming from materials advancement and selection. Figure 2 shows a look at the components in
a potential magnetic fusion reactor core [36]. Because of the amount of heat and neutrons given
off by the fusion reaction of deuterium-tritium (D-T), the divertor, first wall, and blanket
components require materials suitable to both withstand the heat (thermal stability) and transfer
the heat to be utilized in the energy generation process. Tungsten has been identified as a key
potential material for use in the PFCs for its excellent thermal stability.

Figure 2: A Model of the Power Core of a Magnetically Confined Fusion Reactor Design [36]
8
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Chapter 2: Literature Review

2.1 FABRICATION OF HAFNIA THIN FILMS

In order to fabricate suitable samples doped with W, a review of prior work on hafnia thin
films is necessary to determine suitable experimental parameters and conditions. The experimental
procedure in this work was influenced largely by Vargas et al and Ramana et al. These studies
utilized RF sputtering using the same system to be used to fabricate the samples for this work,
making these works good guidelines for the deposition process. From these two papers, it was
determined that pure hafnia samples grown at temperatures below 200 °C were amorphous. They
also show an ideal argon to oxygen gas ratio of 28:12 sccm. These values would then influence
the parameters for this study [4, 37].

2.2 EFFECT OF DOPANTS ON HAFNIUM OXIDE

Hafnium oxide (HfO2 or hafnia) has been studied intensely because of its significance in
the semiconductor and optoelectronic industries. The discovery of the Si enhanced ferroelectric
properties in HfO2 has especially spurred the studies of the effects of various dopants onto
hafnia-based materials [28]. Various metal ions, such as yttrium, manganese, strontium, and
silicon, have been shown to enhance the electrical, optical, and thermodynamic properties of
HfO2 [29, 38-47].
Doping of yttrium and yttria have been shown to stabilize the cubic phase of HfO2,
making it more suitable for mechanical and high temperature applications such as oxide fuel
cells and oxygen sensors [38-39]. The cubic hafnia phase stabilized by yttria doping also exhibits
a wide band gap (6.20-6.28 eV), increased dielectric constant, and increased ionic conductivity
10

when compared to monoclinic hafnia [38-42]. Recently, Noor-A-Alam et al have shown that
yttrium-doped hafnium oxide thin films, prepared by RF magnetron sputtering, exhibit peaks in
the XRD patterns corresponding to the cubic phase of HfO2. The peak located at ~30.28°
corresponds to the diffraction from (111) planes. As the deposition temperature is increased, an
increase in width and intensity of the (111) peak is observed, indicating an increase in the
average crystallite-size and preferred orientation. Several short Hf-O bond lengths are part of the
monoclinic and tetragonal phases compared to the cubic HfO2. As a result of the size difference,
the strain energy becomes significant in the monoclinic and tetragonal phases. In contrast, the
alteration is less so in the cubic phase with the Y3+ doping, making cubic HfO2 stable even at low
temperatures. Finally, structural relaxation also contributes to the stabilization of cubic phase of
HfO2 by Y2O3 dopant.
Doping manganese (Mn) has also shown to enhance the thermodynamic properties of
hafnia by stabilizing its cubic phase [43]. Materials like oxides, where oxygen vacancies are
formed at the lattice or interstitial sites, can have their structure and properties controlled by
adjusting the oxygen partial pressure used during heat treatment, accordingly. This idea is
pertinent because doped HfO2 is an oxygen-vacancy sensitive oxide. In Mn doping of HfO2 bulks
by solid state reaction method- with content x=0.3 and sintered in air- only monoclinic phase is
observed and no other manganese oxide phases are detected. When argon is used in sintering
with Mn content x=0.3, the material exhibits a cubic phase. The lack of oxygen resulting from
sintering in Ar is an important factor to consider for stabilization of the high-temperature phases
of hafnia. For Mn content with x≤0.2, the monoclinic phase is observed, while for x≥0.3, the
cubic phase is dominant. XRD shows that phase transformation from monoclinic to cubic
structure occurs in a composition range between x=0.2 and x=0.3 in Mn-doped HfO2.
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From an electrical material perspective, the discovery of ferroelectricity in hafnia based
thin films has been very significant for memory applications. In 2011, from Boscke et al, it was
first noted the ferroelectric potential for certain phases of hafnia. Orthorhombic HfO2 was
achieved with SiO2 less than 4% mol and when mechanically contained during heat treatment.
The orthorhombic phase was then shown to have a remnant polarization of 10 μC/cm2 at a
coercive field of 1 MV/cm. Further, Si-doped HfO2 has been shown to have its remnant
polarization controlled by adjusting the thickness of the films [34] and that the phase change
occurs depending on the existence of a mechanical confinement when undergoing heat treatment
[25].
Apart from metal ions, nitrogen doping has shown to improve HfO2 for use as dielectric
capacitors [44-46]. Nitrogen-doped hafnia multilayered thin films reportedly showed an increase
in breakdown strength by 75% when compared to a single layer [44]. Umezawa et al presented
that HfO2 high-k based dielectrics also show an order of magnitude decrease in the leakage
current when doped with nitrogen. This is due to positively charged oxygen vacancies formed
when coupling with the nitrogen atoms, that effectively diminish the path for electron leakage
[45].
2.3 SIGNIFICANCE OF PROPOSED WORK

While these studies show the enhancement of certain electrical, optical, and
thermodynamic properties, there is a lack in the literature of data highlighting the effect of
dopants on the structure and mechanical properties of hafnia, even more so the effect of W, as a
dopant in a hafnium oxide-based system. There was only one study examined tungsten doped
HfO2 thin films and their potential for optical applications, but it does not examine the
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mechanical property changes purely as an effect of the tungsten content; however, the study does
delve into the structural changes of hafnia due to differing tungsten content and deposition gas
ratios [46]. W-doped HfO2 thin films were deposited by RF and DC magnetron sputtering under
different conditions. The X-ray diffraction patterns show two broad diffraction peaks that
correspond to the (110) and (111) planes of a nanocrystalline monoclinic HfO2. Because the
location of the diffraction peaks did not change, it shows that most tungsten atoms are not in the
HfO2 crystalline. The structure of doped films did not vary with the W content or the ratio of O2
to Ar pressure. As W content is increased, the (110) peak intensity increases as the (111) peak
intensity decreases [48].
This study thus aims to:
1. Enhance the mechanical properties while maintaining the structural integrity of
HfO2 thin films via W doping
2. Grow W-doped HfO2 films of varying W content via RF sputtering
3. Develop an understanding of the effect of the W doping on the structure and
mechanical properties
4. Establish a relationship between the composition, structure, and mechanical
properties

13

Chapter 3: Experimental Methods

3.1 FABRICATION

A 99.99% pure tungsten target (2x0.25 in) and a 99.95% hafnium target (2x0.25 in)
obtained from Plasmaterials, were utilized to fabricate the samples. The samples were deposited
onto a silicon, Si (100), substrate due to the common use of HfO2 and Si in various industries.
Preparation of the substrate included cleaning guidelines along those set by the RCA for silicon
preparation in the semiconductor industry. The substrates were cleaned and then dried with
nitrogen prior to placement in the sputtering chamber.
The thin films were then deposited via radio frequency (RF) magnetron sputtering, a type
of physical vapor deposition (PVD) technique. Sputtering involves the bombardment of the
target materials with energetic gas ions. This cause the target’s atoms to eject from the surface
and then deposit themselves on the substrates. Generally, a non-reactive gas, often argon, is used.
While there are various techniques to deposit thin films, this was chosen because of the relative
ease to control film thickness, low temperature exposure, and relatively quick deposition time
when compared to the alternatives. A high voltage, order of magnitude of kV, is applied in a high
vacuum chamber, (in this case 1.9 E-2 bar) and used to create the plasma that interacts with the
target materials.
The tungsten and hafnia targets were placed 8 cm from the substrate and mounted on the
2-inch sputtering guns. Once sputtering pressure was reached (1.9E-2 bar), the plasma was
ignited by slowly adjusting the power of the hafnia target sputtering gun to about 20 W. After it
was ignited, the hafnia deposition power was slowly brought up to 100 W, while the power of
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the tungsten target sputtering gun was varied to achieve samples of varying tungsten content.
Argon and oxygen were introduced during deposition at a ratio of 28:12 SCCM, respectively.
Argon was the chosen sputtering gas, while oxygen was introduced to react and form hafnia
oxide. The targets were pre-sputtered for 10 minutes, followed by the 1 hour 30 minutes
sputtering process. Table 2 shows the sample numbers and corresponding tungsten deposition
power while Table 3 summarizes the physical parameters involved in depositing the samples.
Figure 3 shows the sputtering chamber and power controls used for this study.
Table 2: Tungsten Deposition Power for each Sample
Sample Number

W deposition power (Watts)

1

0 (pure hafnia)

2

20

3

30

4

40

5

50

6

60

7

80

8

100

15

Table 3: Summary of Sputtering Parameters
Parameter

Value

Base Pressure

1.9 E-2 bar

W Sputtering Power (Varying)

0-100 Watts

Gas Flow
Deposition Temperature
Sputtering Time
Targets
Substrate

Ar:O2 28:12 SCCM
300 °C
1 hour 30 minutes
HfO2 (99.9%) & W (99.9%)
Silicon (100)
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Figure 3: Sputtering Chamber and Corresponding Power Control System Setup

3.2 X-RAY DIFFRACTION (XRD)

XRD is a technique implemented to help characterize the samples. More specifically, it
allows us to determine the crystallinity of the samples using the following mechanism:
𝑛𝜆 = 2𝑑𝑆𝑖𝑛(𝜗)

(Eq 2)

where n is simply an integer, λ is the wavelength of the x-ray, d is the distance between planes,
and ϑ is the Bragg angle. This interaction is presented in Figure 4.

Figure 4: Interaction Between Crystalline Materials and X-Ray in XRD
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In this study, grazing incident x-ray diffraction (GIXRD) was employed to obtain the diffraction
patterns of the samples. GIXRD is different from just XRD in that it utilizes a low sloped angle.
The purpose of this being to avoid substrate interference in the data collection of the thin films.
GIXRD was carried out using a Bruker D8 Advance x-ray diffractometer with Cu Kα radiation
of wavelength 1.54056 A and a high voltage source of 40kV to generate the x-rays. The
incidence angle was fixed at 1° and the scanning took place in a Bragg angle range of 20-70°
with a step size of 0.01° and scanning speed of 2°/minute. This took place while the machine was
kept in “detector scan mode” where the sample and x-ray gun where fixed and only the detector
allowed to move within the Bragg angle range to collect the diffraction pattern. Finally, EVA
software was employed to analyze the data (e.g. index the peaks and subtract background
interference). Figure 5 shows the Bruker D8 system used in this study.

18

Figure 5: XRD System

3.3 NANOINDENTATION

Nano-indentation was utilized to evaluate the nano-mechanical properties of the samples.
A Hysitron TI 750 TriboIndenter (see Figure 8) was employed for this experiment. A diamond
Berkovich tip with radius of curvature of 396 nm was used to obtain hardness, H, and reduced
elastic modulus values, Er, for the samples. An example of the profile view of the indentation is
shown in Figure 7. A load test was first performed on each sample to find the maximum load
with a displacement of 10% of the total film thickness- a value selected for thin films after which
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the substrate begins to interfere with the final hardness and modulus findings. Finally, a total of
20 indentations were done on each sample to compile statistical average values per sample.
The mechanical properties were derived utilizing the loading and unloading curves (an
example shown in figure 6) and the relations described by Oliver and Pharr:

𝐻=

𝑃𝑚𝑎𝑥

(Eq 3)

𝐴𝑟

where H is the material hardness, Pmax is the maximum load, and Ar is the residual indentation
area;
𝑑𝑃
𝑑ℎ

=

2
√𝜋

√𝐴𝑐 𝐸𝑟 = 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠, 𝑆

(Eq 4)

where, dP/dh is the slope of the curve and also equal to the stiffness, S, Ac is the indentation area
at contact depth hc, and Er is the reduced modulus of elasticity;
and finally, equation x which shows the relation between the reduced modulus, Er, and the
modulus of elasticity Es
1
𝐸𝑟

=

1−𝑣𝑖2
𝐸𝑖

+

1−𝑣𝑠2
𝐸𝑠

(Eq 5)

where Vi is Poisson’s ratio of the indentor, Ei is the modulus of the indentor, and Vs is Poisson’s
ratio of the sample material [49-50].
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Figure 6: Example Load Displacement Curve from Nanoindentation [49]
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Figure 7: Indentation Profile View [49]
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Figure 8: Nanoindentation Setup

3.4 SCANNING ELECTRON MICROSCOPY (SEM)

SEM imaging is a useful technique employed to view and analyze the surface features of
sample materials. An electron gun emits high energy electrons that are focused and used to scan
the surface of the specimen, creating an image via a rastering process. Before inserting the
samples, they were mounted on a 1-inch diameter stage using carbon tape. Additionally, a drop
of silver paint was dabbed onto each sample to make them conductive enough to be imaged via
SEM. The incident voltage and magnification were adjusted accordingly in order to obtain the
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best resolution image. Hitachi S-4800 electron microscope was used for the experiments and the
setup can be seen in figure 9.

Figure 9: SEM and Computer System

3.5 CONTACT ANGLE MEASUREMENTS

The contact angle experiment shows the wettability (i.e. the hydrophilicity) of the
samples. Angles less than 90° are of high wettability. This concept is displayed in Figure 10. The
contact angles were obtained via volume sessile drop method using a contact angle meter (rame24

hart Model 250 Standard Goniometer/Tensiometer). Each drop was an average of ~8 μL. An
average of ten measurements are reported as the contact angle per sample in the following
chapter.

Figure 10: Hydrophilicity and Contact Angle Correlation
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Chapter 4: Results and Discussion

4.1 CRYSTAL STRUCTURE AND SURFACE MORPHOLOGY

The GIXRD results of W doped HfO2 films are shown in Figure 11. The pure hafnia
sample shows a peak corresponding to that of the (-1 1 1) preferred orientation and the
monoclinic phase, which matches with the expectations in the literature. It is shown that
increasing the tungsten content further leads to a preferred (-1 1 1) texturing, although with an
increase in peak intensity and width, up until a tungsten deposition power of 40 W. The films
become amorphous at tungsten deposition power above 50 W, observable by the lack of any
prominent peaks in the GIXRD pattern. Figure 12 shows a higher resolution GIXRD pattern,
focusing solely on the angle area surrounding the main peaks seen in Figure 11. From here, the
increase in peak intensity and width is better visible, as well as the observed peak shift between
40 and 50 watts.
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Figure 11: GIXRD Pattern of the Samples as a Function of Increasing Tungsten Deposition
Power
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Figure 12: High Resolution of the Main Peak in Figure 11
The influence of varying tungsten deposition power on the surface morphology of Wdoped HfO2 films is shown in Figure 13. It is evident from these SEM images that the
morphology is affected solely by the deposition power, and consequentially the tungsten content,
since the temperature and pressure parameters are constant throughout. A decrease in grain size
but more densely packed grains is seen for films deposited at low sputtering power (0-50 W). At
50 W, more grain islands begin forming, corresponding to a mixture of phases as evidenced in
GIXRD results. Finally, at a sputtering power of 60 W and above, there is a lack of any kind of
structure, corresponding with the GIXRD patterns as well that showed the samples to become
amorphous.
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Figure 13: SEM Images from 0 to 60-Watts Tungsten Deposition Power, all at a Scale of 200 µm

4.2 MECHANICAL PROPERTIES

Before conducting the analysis to find hardness and modulus values, a suitable value for
applied force had to be found. A general rule for thin films is to keep the displacement under 10%
of the total thickness of the films to avoid substrate effects, however a displacement under 10nm
yields lower resolution [49, 50]. Utilizing the literature, it was estimated that the films were around
100+ nm in thickness [4, 37]. From Figure 14, we see that for a set applied force of 200 µN, while
the pure hafnia sample went above the targeted ~10 nm, all of the doped samples were well within
range. Thus, a force of 200 µN was chosen to conduct the analysis.
The mechanical characteristic of doped HfO2 films are shown in Figure 15. The
correlation between hardness (H) and elastic modulus (Er) as a function of variable sputtering
power can be noted in Figure 15. There is an almost linear and steady increase in the hardness
values as tungsten content increases in doped HfO2 films. The peak and decrease in modulus at
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40 W corresponds well with the beginning of the amorphization of the films as shown in the
previous section. Because elastic modulus is related to atomic bonding, it is expected that the
nanocrystalline films will be stiffer than that of the amorphous films. This is shown clearly for
the reduced elastic modulus, as such, the fluctuations in the values are due to tungsten induced
chemical and structural changes.

W-Doped
Samples

Pure Hafnia
Sample

10nm Point
of Interest

Figure 14: Force Displacement Curves from Nanoindentation
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Figure 15: Nanomechanical Properties as a Function of Tungsten Sputtering Power

4.3 CONTACT ANGLE MEASUREMENTS

The results of contact angle measurements are shown in Figures 16 and 17. The average
contact angle here for pure hafnia is ~80°. The addition of tungsten shows a decrease in the
contact angle, meaning an increase in wettability. Fang et al has reported a contact angle of 74°
for pure hafnia deposited via thermal oxidation [51]. Thus, the results of this on pure hafnia films
are in good agreement with the literature. The results are displayed in the graph in Figure 16.
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Images from the experiment are given in Figure 17, providing another visual of the increasing
hydrophilicity.

Contact Angle Measurements
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Figure 16: Contact Angle in Degrees Versus Tungsten Sputtering Power
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100

Figure 17: Images of the Contact Angle Measurement Showcasing Increasing Hydrophilicity
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Chapter 5: Summary and Conclusion
Hafnium Oxide thin films doped with varying amounts of tungsten were synthesized using
RF sputtering. The films synthesized were then characterized using XRD, SEM, Nanoindentation,
and Contact Angle measurements. The samples showed an increase of hardness with increasing
tungsten content. They also showed increasing modulus up to a sputtering power of 40-50 W, at
which point the deceasing trend prevails. This trend also coincides with the point at which the
samples become amorphous. At higher sputtering power, the samples are completely amorphous.
Finally, with increasing tungsten, the sample exhibited increasing hydrophilicity, a desirable trait
for coatings and thin films.
5.1 FUTURE WORK
•

Because of tungsten’s known high thermodynamic stability, it would be of use to
see if there is any enhancement in this area in the HfO2 films.

•

Because of the interest of both materials within the nuclear science realm,
irradiation studies should be designed to test this material system

•

Finally, hafnia’s strong presence in the semiconductor and memory storage
industries make for an interest in seeing the effect of tungsten on the electrical
properties
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